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ABSTRACT

We have modeled the family of interstellar IR emission bands at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 um by
calculating the fluorescence from a size distribution of interstellar polycyclic aromatic hydrocarbons (PAHs)
embedded in the radiation field of a hot star. It is found that the various emission bands are dominated by
distinctly different PAHs, from molecules with much less than ~80 C atoms for the 3.3 um feature, to mol-
ecules with 10°-10° C atoms for the emission in the IRAS 12 and 25 um bands. We quantitatively describe
the influence on the emergent spectrum of various PAH properties such as the molecular structure, the
amount of dehydrogenation, the intrinsic strength of the IR active modes, and the size distribution. Compar-
ing our model results to the emission spectrum from the Orion Bar region, we conclude that interstellar PAHs
are likely fully, or almost fully, hydrogenated. Moreover, it is found that the intrinsic strengths of the 6.2 and
7.7 um C—C stretching modes, and the 8.6 um C—H in-plane bending mode are 2-6 times larger than mea-
sured for neutral PAHs in the laboratory. This difference is tentatively ascribed to interstellar PAHs being
ionized, or, alternatively, to their being highly asymmetric. It is furthermore concluded that the earlier assign-
ment of the 3.4 um subfeature to the hot band of the aromatic C—H stretching mode is only marginally
consistent with the available observational data. In some cases an additional component appears to be
required to account for its intensity. The hot band may be responsible for a weaker shoulder in some cases.
An assignment to the C—H stretching feature from “superhydrogenated” PAHs, ie, PAHs with extra H
atoms attached to the peripheral carbon atoms, is considered as the additional contributor. Finally, it is
pointed out how future high-quality observations of the emission from interstellar PAHs covering a large
wavelength range, together with modeling of the type presented in the paper, could be used to study a number
of important questions, such the preferred molecular structures of interstellar PAHs and their evolution in the
interstellar medium.

Subject headings: infrared: interstellar: lines — ISM: molecules — line: identifications — molecular processes

1. INTRODUCTION

A distinctive set of IR emission features at 3.3, 6.2, 7.7, 8.7,
11.3, and 12.7 um originate in the vicinity of a large number of
hot stellar sources including H 11 regions, reflection nebulae,
planetary nebulae, proto—planetary nebulae, and galactic
nuclei (e.g., Russell, Soifer, & Merrill 1977a, Russell, Soifer, &
Willner 1977b; Cohen, Tielens, & Allamandola 1985; Cohen et
al. 1986, 1989; de Muizon et al. 1986; Phillips, Aitken, &
Roche 1984; Roche & Aitken 1985; Roche, Aitken, & Smith
1989; Jourdain de Muizon, d’Hendecourt, & Geballe 1990a;
Buss et al. 1990). These features have been assigned to emission
from interstellar polycyclic aromatic hydrocarbon (PAH) mol-
ecules, which become vibrationally excited upon absorption of
a UV photon and subsequently lose their excess energy
through IR fluorescence (Duley & Williams 1981; Sellgren
1984; Léger & Puget 1984; Allamandola, Tielens, & Barker
1985). Average PAH sizes based on the observed intensity ratio
of the 3.3 um C—H stretching feature and the 11.3 yum C—H
out-of-plane bending feature have been variably estimated to
lie between 20 and 100 carbon atoms (Leger & Puget 1984;
Allamandola et al. 1985; Allamandola, Tielens, & Barker 1989,
hereafter ATB; Cohen et al. 1986; Jourdain de Muizon et al.
1990a; Léger & d’Hendecourt 1987). However, larger PAHs or
PAH clusters (~500 C atoms) are thought to be responsible
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for the broad emission plateaus underlying the narrow 6.2 and
7.7 um features (Cohen et al. 1986; Bregman et al. 1989). Like-
wise, the widespread 60 um cirrus emission in the Galaxy is at
least partially emitted by even larger structures (up to 50 A).
Thus, the observations imply that the grain size distribution of
interstellar carbon grains extends well into the molecular
domain (Tielens 1989).

Although the general identification with molecular-sized
PAHs is supported by both the wavelength of the features and
their relative strengths, many properties of these molecules
remain unclear. For example, based on observational or theo-
retical grounds, it has been alternatively suggested that inter-
stellar PAHs are either severely dehydrogenated (by ~90%;
Léger & d’Hendecourt 1987 and Jourdain de Muizon et al.
1990a), or that dehydrogenation is negligible (Tielens et al.
1987; ATB). Likewise, the detailed spectral structure in the 3—-4
um region has been alternatively interpreted as indicating the
presence of aliphatic sidegroups on the aromatic carbon skele-
ton (Duley & Williams 1981; de Muizon et al. 1986) or as
originating from hot bands, and overtone and combination
bands of the PAH fundamentals (Barker, Allamandola, &
Tielens 1987; Geballe et al. 1989).

Past modeling of the IR emission spectrum has often
approached the problem from the “classic grain ” side. That is,
the properties of the small grains/large molecules were based
upon an extrapolation of those of large (~100 A) graphitic
grains (Draine & Anderson 1985; Dwek 1986). However, large
graphitic grains form a poor template for the properties of
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small grains/large molecules (Léger & Puget 1984; Allaman-
dola et al. 1985; ATB). More realistic models of the emission
from interstellar PAHs used laboratory measured frequencies
for the molecular vibrations and cross sections of the IR bands
(Puget, Leger, & Boulanger 1985; Allamandola et al. 1985,
1989; Puget & Leger 1989; Désert, Boulanger, & Puget 1990).
Some of these previous models attempted to incorporate the
PAHs in an overall grain model which would simultaneously
fit the interstellar emission and absorption curve. However,
there are many uncertainties in such an approach since the
contribution from larger grains (i.e., a > 50 K) to the general
extinction overwhelms that of the PAHs. Indeed, the carrier of
the IR emission features is known to be responsible for only
5% of the UV and or visible extinction in many (not all) of the
emission objects (Allamandola et al. 1985). Moreover, many
other materials are thought to be present in interstellar dust,
including silicates, SiC, diamonds, organic grain mantles,
HAC, etc. For this reason we will concentrate on the PAH
related details for the IR emission spectrum.

It is the purpose of this paper to develop a more com-
prehensive model of the family of interstellar IR emission fea-
tures by calculating the emission spectrum from a continuous
size distribution of PAHs embedded in the radiation field of a
hot star. This will enable us to study quantitatively how
parameters such as the molecular structure of the PAHs, their
degree of hydrogenation, the intrinsic strengths of the various
IR modes, and the PAH size distribution influence the
observed spectrum. By comparing these results to observa-
tions, a better understanding of the properties of interstellar
PAHs may be obtained and future laboratory studies can be
guided.

The paper is laid out as follows. In § 2 our method of calcu-
lating the fluorescence of a vibrationally excited PAH molecule
is described. In § 3 the various free parameters involved in
modeling the emission by interstellar PAHs are discussed. In
§ 4 calculated spectra are presented and the influence of the free
parameters are investigated. Section 5 compares the model
results to observations of the IR emission bands, leading to a
number of conclusions on the properties of interstellar PAHs.
These results are summarized in § 6.

2. IR FLUORESCENCE MODELS

The emission intensity associated with an IR active funda-
mental vibrational transition, i, from level v to level (v — 1),in a
molecule with a total internal vibrational energy E (i.e., the
energy deposited by the absorption of a photon) is given by
(ATB)

E — vhv)
I(E, i, v) = hv;vAL° PAE — vhv)
K ) p(E)

where h is the Planck constant, v is the vibrational quantum
number, v; is the frequency of the emitting mode, A}° is the
Einstein coefficient of the 1 — 0 transition, p(E) is the density of
vibrational states at total internal energy E, and p,(E — vhv,) is
the density of vibrational states for all modes except the emit-
ting mode at a vibrational energy equal to E minus the amount
of energy in the emitting mode. .

For nearly harmonic oscillators, the emission from the
Av = 1 transitions originating from various levels (quanta) of a
particular vibrational mode are close in frequency and blend to
a single emission feature with intensity:

) )

Umax

IE, i)=Y IE, i,v). )

v=1
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Umax 18 constrained by the finite bonding energy of the vibra-
tional mode and the total energy available. At the vibrational
energies relevant to the modeling of the emission from inter-
stellar PAHs (E < 100,000 cm ™ 1), I(E, i, v) decreases rapidly
with increasing v, and no significant error is introduced when
assuming that v, = oo.

If the frequencies of all modes of a molecule are known,
equation (1) can be calculated in an exact manner using an
appropriate numerical algorithm (Stein & Rabinovitch 1973).
Unfortunately, for interstellar PAHs, all vibrational fre-
quencies are not known. Moreover, the calculations involved
in this approach are quite extensive, especially for large mol-
ecules or clusters of molecules containing up to 10° atoms
which must be included to completely model the interstellar IR
emission band family (§ 4). It is therefore desirable to find an
approximation for equation (1) which can be applied over a
very broad size range. Here we will examine two simple
approximations, i.e., the thermal and the Whitten & Rabino-
vitch approximation, and compare them to the exact evalu-
ation of equation (1).

The emission from vibrationally excited PAHs has been cal-
culated using the thermal approximation (Leger & Puget 1984;
Leger et al. 1989a). This model uses the Boltzmann equation to
describe the excitation of the molecule. The emitted intensity is
then given by

I[T(E), i, v] = hv;vA}° exp (—vhv/kT)[1 — exp (—hv;/kT)],
(3)

where T is the vibrational excitation temperature of the mol-
ecule and k is the Boltzmann constant. Summation of equation
(3) from v = 1 to oo gives the familiar result

I[T(E), i] = hv; A} [exp (hvy/kT) — 1171 . “

In the framework of this approximation, the total vibra-
tional energy E and the temperature T are related through the
heat capacity of the molecule, and this relation is given by

E(T) = glhvj[exp (hv;/kT) — 1774, 5)

with s the number of vibrational modes in the molecule (equal
to 3 times the number of atoms minus 6 for nonlinear
polyatomics). The thermal model assumes that the emission
from a molecule containing vibrational energy E can be
approximated by the average emission of an oscillator con-
nected to a thermal bath with temperature 7. Such a canonical
description is reasonably accurate if the average energy of the
mode under consideration is small compared to the total energy
in the thermal bath (Léger et al. 1989a; ATB; Barker & Cherch-
neff 1989; d’Hendecourt et al. 1989). However, the vibrational
energy of a given mode will fluctuate around the average. Since
the emitted intensity in a mode increases steeply with internal
energy, equation (4) will, in general, overestimate the true
emitted intensity.

Figure 1 shows the ratio of the emitted intensity calculated
by the exact model and the thermal model for two modes, the
C—H stretching mode at 3030 cm ™! (3.3 um) and a mode at
835 cm~! (12.0 um), for three PAHs, pyrene (C,cH;,) and
Cy6H,4 and CgqoHg, (two members of “ series 1” of condensed
PAH molecules; see Stein & Brown 1986 and Tielens et al.
1987). The 835 cm ™! mode corresponds to the coupled out-of-
plane bending mode of two adjacent H atoms (ATB). For the
frequencies of the C—H and C—C modes of C4¢H,, and
CsooHeo, We adopted the C—H and C—C frequencies of
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F1G. 1.—The ratio of the emitted intensity calculated by the exact method
to the intensity obtained by the thermal approximation for the (a) 3030 cm ™!
C—H stretching mode and the (b) 835 cm~ ! C—H out-of-plane bending mode
of two adjacent C—H groups, as a function of the vibrational energy of the
molecule. Curves are plotted for pyrene (C,¢H ), Co¢H, 4, and Cqoo Hygg -

pyrene (see also § 3.2.2 below). Figure 1 shows, as has been
previously pointed out, that the accuracy of the thermal
approximation improves with increasing energy, with decreas-
ing frequency of the mode, and with decreasing size of the
molecule (for a more detailed discussion on the dependence of
the thermal approximation on these parameters we refer to
ATB; d’Hendecourt et al. 1989; Léger, d'Hendecourt, & Dé-
fourneau 1989b). Generally the thermal model provides a good
approximation to the emission as long as the vibrational
energy of the emitting mode is less than ~10% of the total
vibrational energy in the molecule.

Alternatively, it has been proposed to calculate equation (1)
using the Whitten & Rabinovitch (WR) approximation of the
density of states p(E) (ATB). This approximation is given by
(Whitten & Rabinovitch 1963):

p(E) = [(E + an)s—l/(s — 1) f[hv,.]<1 + E, Z—E) , (6)

J

where E,, is the zero-point energy of the molecule:

Ey,=0.5 i hv; W)
j=1
and a is given by
a(E) = 1 — Bw(E/E,) , ®)
where
R )
F="n ©)
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w is given as a function of E/E, by Whitten & Rabinovitch.
Note that to obtain the reduced density of states p,, the emit-
ting ith mode should be omitted when using equations (6), (7),
and (9).

Figure 2 shows the ratio of the emitted intensity given by
the exact model to the intensity given by the WR approx-
imation for the same molecules and vibrational modes that
were used to compare the exact and the thermal model (Fig. 1).
As with the thermal model, the precision of the WR approx-
imation improves with increasing energy, decreasing frequency
of the mode and with decreasing size of the molecule.

Comparing Figures 1 and 2, it can be seen that, although the
WR approximation is about as good as the thermal model in
calculating the emission of pyrene (C,¢H,,), it deteriorates
much faster with increasing molecular size. As pointed out by
Whitten & Rabinovitch, the internal vibrational energy below
which the WR approximation starts to deviate from the exact
treatment is roughly proportional to the zero point energy of
the molecule (eq. [7]; i.e., roughly proportional to the molecu-
lar size). In contrast, the energy below which the thermal
approximation starts to deviate increases in a manner signifi-
cantly less than proportional to the molecular size (Fig. 1). For
this reason the WR approximation is considerably less accu-
rate than the thermal approximation when calculating the IR
fluorescence from large PAHs.

Since the thermal approximation is preferred over the
Whitten & Rabinovitch approximation for modeling of the
interstellar IR emission bands, the rest of the discussion will
focus on quantifying its accuracy. As Figure 1 illustrates, for
larger molecules, the relative difference between the thermal
and exact models can be quite large when the internal energy
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FIG. 2—Similar to Fig. 1, but with the intensity calculated by the exact
method ratioed to the intensity obtained with the WR approximation.
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falls below ~ 30,000 cm . This lower internal energy range is
quite important in the modeling of the interstellar PAH emis-
sion since large PAHs are efficient absorbers at these photon
energies (see § 3.2.5). Moreover, and more importantly, during
the relaxation phase which follows a photon absorption by
small and large PAHs alike, a vibrationally excited PAH will
gradually lose its excess energy through IR emission and,
hence, will emit a large fraction of its excess energy while in this
lower internal energy range. Fortunately, as will be demon-
strated below, the presence of a size distribution will alleviate
this concern.

To compare the exact with the thermal model, the time-
averaged IR emission spectrum from a PAH molecule of type j
embedded in a stellar radiation field of blackbody temperature
T* with cutoff at 912 A (109,600 cm ~!) was calculated (i.e., the
IR spectrum emitted by a large ensemble of such PAHs
exposed to this field). The fraction of the time-averaged total
IR flux emitted in the ith mode, P(j, i)/ P(j), is given by

PG, ) _ [ fG, v, 1) /J”
P() J; S(VF (v) . dv A o(WF,(v)dv (10

with

o [™IGE )

v, i) = — 11
G, v, i) JO 6. B) dE, (11)
where I(j, E, i)/I(j, E) is the fraction of the total IR intensity
emitted by a molecule of type j at internal vibrational energy E
in the ith IR-active mode, f(j, v, i) is the total energy emitted in
the ith mode following the absorption of a UV/visual photon
of frequency v, F, is the stellar UV/visual flux per unit fre-
quency interval, and o(v) is the UV/visual absorption cross
section of the molecule. Table 1 compares the fraction of the
total IR flux emitted in the 3030 cm ~! C—H stretching and in
the 835 cm~! C—H out-of-plane bending modes calculated
using the exact method with that using the thermal model. For
computational reasons, the thermal model has been used to
calculate the total IR intensity I(j, E), which has been used to
normalize the results of both the exact and the thermal model
to the total IR emission. Entries are given for pyrene (C;¢H ),
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Fi16. 3—Fluorescent emission in the 3030 cm~! and in 835 cm ™! bands,
divided by the total emission intensity, as a function of the number of C atoms
in the PAH. The emission was calculated at vibrational energy E = 30,000
cm ™!, Results obtained with the exact method and with the thermal approx-
imation are shown.

Cy6H,., and CgooHgo in 5000, 10,000, 40,000, and 100,000 K
stellar radiation fields, temperatures which span the range of
exciting stars in the objects which emit the interstellar IR
bands. The integrated cross sections per H or per C atom used
for the IR active modes, and the assumed visual and UV
absorption properties are described in § 3.

As can be seen from Table 1, the differences between the
relative amount of flux in a given IR feature obtained from the
thermal and from the exact model are small, i.e., ~3%—20%, as
long as a PAH molecule emits appreciable flux in the feature.
Larger deviations occur only for PAHs for which the emission in
the feature becomes negligibly small. Thus, when integrating
over the size distribution of PAHs, the thermal model will
introduce only a small error in the obtained emission spec-
trum. This is further illustrated in Figure 3, which plots the
emission in the 3030 cm ™! and in the 835 cm™!' features

TABLE 1

INTENSITY OF THE EMISSION IN THE 3030 cm~! AND 835 cm ™! FEaTURES DIVIDED BY THE TOTAL IR EMIsSION (FOR THREE PAHs),
CALCULATED BY THE EXACT AND BY THE THERMAL MODEL AS A FUNCTION OF THE RADIATION FIELD TEMPERATURE

Ci6Hyo CoeH, CsooHeo
T Exact Exact Exact
(K) Exact Thermal Thermal Thermal Thermal Exact Thermal Thermal
C—H Stretch (3030 cm ™)
5000 ... 1.3(=-1) 1.4 (—1) 0.93 74 (-4 9.6 (—4) 0.77 6.1 (—8) 9.6 (—8) 0.64
10,000 .................. 1.5(-1) 1.6 (—-1) 0.94 23(-3) 2.7(-3) 0.86 1.6 (—6) 1.9 (—6) 0.82
40,000 ..............cell 20(—1) 21 (-1 0.97 9.3 (-3) 1.0(-2) 0.92 2.7(=5) 30(—9 0.90
100,000 ................ 21(-1) 22(-1) 0.97 1.1 (=2 12(-2) 0.92 34 (-9 38 (=95 0.90
C—H Out-of-Plane Bend (835 cm ™ !)*

5.8(-2) 62 (-2 0.94 70(-2) 7.5(-2) 0.93 50(-3) 6.6 (—3) 0.76

56(—2) 6.0 (—2) 0.95 6.6 (—2) 70 (-2 0.94 84 (-3) 1.0(-2) 0.84

48 (-2 51(-2) 0.96 56(—2) 5.8 (—2) 0.96 1.3(-2) 14 (-2 0.92

47 (-2 49 (-2 0.96 54(-2) 5.6 (—2) 0.97 1.3(-2) 14 (-2) 0.93

# Only emission in modes due to two adjacent H atoms are included. There are four, 12, and 12 of such H atoms onC,(H,,, and C4¢H,,, and

CeooHeo» respectively.
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divided by the total IR flux as obtained by the thermal and
exact model as a function of PAH size. Values were obtained at

= 30,000 cm " !, roughly corresponding to the average vibra-
tional energy at which interstellar PAHs fluoresce. It can be
seen that when integrating the emission in a certain band
over a PAH size distribution, the thermal model will introduce
only a small error in the outcome, essentially because the error
in the calculated band flux is small for PAH sizes that contrib-
ute significantly to that particular band.

In summary, for a size distribution of PAHs, the errors intro-
duced by using the thermal approximation to calculate the
emergent spectrum are less than ~10% in the relative band
fluxes. Thus, we have used the thermal approximation in the
remainder of the paper.

3. THE INTERSTELLAR PAH EMISSION MODEL

3.1. Mathematical Formulation

To model the emission from a size distribution of interstellar
PAHs we assume that the PAHs are exclusively excited by
one-photon processes, i.e., the interval between successive
absorption events of UV/visual photons is sufficiently long
that the PAH is able to lose essentially all of its excitation
energy by IR fluorescence before absorbing another photon.
Under this condition, the IR fluorescence spectrum is indepen-
dent of absolute values of the UV/visual absorption cross sec-
tions and flux level. The magnitude of the IR flux does, of
course depend on these values. The flux in mode i from a size
distribution of PAH molecules in a stellar radiation field is
then given by

FQ) = Y npan(PU, 1) (12)
J

where P(j, i) is given by equations (10) and (11), Np,y(j) gives

the number density of PAHs of type j, and the summation

takes place over all PAHs.

3.2. Free Parameters

The free parameters in modeling the interstellar IR emission
bands using equations (4), (5), (10), (11), and (12) are the posi-
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tions, widths, and relative strengths of the IR-active PAH fea-
tures, the relation between the internal energy and the
temperature, the UV/visual absorption properties, the PAH
molecular structure, the degree of hydrogenation of the PAHs,
their size distribution, and the exciting radiation field. Table 2
gives the adopted standard values for some of these param-
eters. Below we discuss our choices.

3.2.1. The PAH Structure

PAH structure determines the amount of H atoms relative
to C atoms in the molecule as well as the number of peripheral
H atoms that are isolated, doubly adjacent, or triply adjacent
(ny, 1, Ny, 2, and ny 3, respectively). PAH structure will therefore
influence the relative strengths of the various C—H and C—C
IR active modes.

Comparison of laboratory spectra with observations, and
stability considerations, indicate that the interstellar IR emis-
sion bands are best reproduced by “compact,” symmetric
PAH, i.e., PAHs with each aromatic ring part of at least two
other aromatic rings (van der Zwet & Allamandola 1985;
Cohen et al. 1985; Tielens et al. 1987; Léger et al. 1989a). For
disklike, compact PAHs with n. 2 30, the number of H atoms
is, with ~ 15% accuracy, given by

ny = 2.8./nc . (13)

This expression will somewhat underestimate the number of
H atoms if the PAHs are strongly elongated. We further
assume ny ; = Ny , = Ny 3 = hy/3. This holds well for large
PAHs (ne = 100) but in general somewhat underestimates ny ,
and ny 5 for smaller molecules (e.g., Stein & Brown 1986;
Tielens et al. 1987). For the small PAHs in our model, i.e.,
coronene (C,,H,,) and pyrene (C,¢H,,), exact values for ny ;
and nc are used.

3.2.2. The Degree of Hydrogenation

It has been suggested that interstellar PAHs are consider-
ably dehydrogenated (Léger & d’Hendecourt 1987; Jourdain
de Muizon et al. 1990a). Besides decreasing ny relative to ng,
dehydrogenation will also influence the relative values of ny ;,

TABLE 2

STANDARD VALUES FOR MODELING THE EMISSION BY INTERSTELLAR PAHs

Parameter

Value

PAH Structure (§3.2.1 & 3.2.2):

Number of Hatoms: ny .....ooooiviiiiiiii

Number of single, double, triple, adjacent: ny ; (i = 1,2, 3)

Fractional H coverage:fi; ...........cooeiiiiiiiin,
Mean radius: <ad (A) «..oovivniiiieiei e

IR properties (§ 3.2.4):

Cross section: o (cm? C-atom ™) ...,

UV/Visual properties (§ 3.2.5):

Absorption cut-off: A, (A) ........oooiiiiiiiiiie
Cross section: oem? C-atom ™) .........ooiiiiiiiinnn.

Size distribution (§ 3.2.6):

Radiation field (§ 3.2.7):

Effective temperature: T*K) ...,

2.8n3
0.33ny

.............. 1.0

0.82n2:°

See Table 3 (3-15 um)
4.3 x 1072%(4/um)~*-24(>15 pm)

1630+ 450¢a)
43 x 1073/[5.3 x 107° — (v,fem ™ )2](A < 4,)

3.72 x 107¢
0.833

.............. 35
.............. 14

40,000
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Ny ., and ny ;. Assuming that the H atoms are randomly dis-
tributed over the available sites, the number of isolated, two
adjacent, and three adjacent C—H groups as a function of
degree of hydrogenation of the model PAHs are given by

ny, 1 (fi) = ma(D(fu — 315 + 5/ (14a)
nuo(fi) = me(DG S — 513 5 (14b)
ny3(f) = (DG 7, (140)

where fy is the degree of hydrogenation, i.e., the fraction of the
peripheral bonding sites to which an H atom is attached.
Figure 4 shows ny 4, hy ,, and ny 5 as a function of f;. It can be
seen that ny, and especially ny; decrease rapidly with
decreasing fy;, while ny ; decreases much slower and, in fact,
initially slightly increases, due to the conversion of adjacent
C—H groups to isolated C—H groups by the dehydroge-
nation process.

Following Tielens et al. (1987) fi; = 1, i.e., 100% hydro-
genation, is assumed in the standard model. However, models
with moderate to severe dehydrogenation are investigated in
§§4 and 5.

3.2.3. The Relation between Temperature and Internal Energy

To fully describe the relation between the total internal
vibrational energy and the temperature of a species requires
either that the frequencies of all vibrational modes (cf. eq. [5]),
or the heat capacity as a function of T, is known. Unfor-
tunately, neither vibrational frequencies nor heat capacities of
PAHs larger than hexabenzocoronene (C,,H;g) have been
measured in the laboratory or calculated by theoretical model-
ing. In this section choices for the PAH vibrational frequencies
or, alternatively, for the heat capacity are discussed.

Our approach is based upon the well-known extensive theo-
retical studies of Stein, Golden, & Benson (1977) who analyzed
PAH heat capacities. They showed that these heat capacities
could be determined in a straightforward manner by simply
counting the number of chemical subgroups which made up a
particular PAH and summing up the contributions from each
group. Extending this concept of similar contributions from

-«——— Dehydrogenation

Fractional coverage

] ] |
0 2 4 6 8 1.0
Degree of hydrogenation

F1G. 4—The fraction of all peripheral sites occupied by isolated, doubly, or
triply adjacent H atoms (ny ,/ny, ny ,/ny, and ny 5/ny, respectively) for a series
of compact PAHs as a function of the degree of hydrogenation f;;. Complete
hydrogenation corresponds to fy; = 1.
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F1G. 5—Relation between the vibrational energy per mode E,_ . and the
temperature, T, of the material. Shown are the curves obtained for graphite
(dashed line), for the C—C modes of pyrene (solid line), and for the C—H
modes of pyrene and naphthalene (solid line).

similarities in molecular structure to frequencies, it is expected
that the C—C modes of all compact PAHs will have similar
frequencies. Figure 5 shows that indeed the temperature
dependence of the average energy per mode E_ . for the
carbon skeleton of the small PAH pyrene, and of graphite are
quite similar (cf. Léger et al. 1989a, b who used a similar
approach based upon coronene). Following McClellan &
Pimentel’s vibrational analysis of naphthalene (McClellan &
Pimentel 1955), The 3nc-6 C—C and 3ny; C—H modes of
pyrene were distinguished using the vibrational frequencies
and the frequency shifts upon deuteration (Bree et al. 1971).
The graphite curve was derived from the measurements of the
specific heat as a function of temperature (Touloukian &
Buyco 1970). There are some small differences. First, for T <
80 K, or, equivalently, E, 4. < 1 cm ™!, the energy per mode
for graphite is much larger than for pyrene. This is due to the
presence of very low frequency modes in graphite (<100
cm 1), corresponding to large scale vibrations of the carbon
skeleton. Since the frequencies of such vibrations decrease with
increasing size of the molecule, larger PAHs will possess modes
at lower frequencies than smaller PAHs. Thus, for large PAHs,
E 4. Will fall between the limits provided by pyrene and
graphite. Since the low-frequency modes are important only at
low temperatures, they do not influence the IR emission from
the high-frequency modes (v = 400 cm ™). Second, for T = 80
K, E, .4 for graphite is ~15% lower than for the pyrene
carbon skeleton. This difference is due to an overall increase of
the frequencies of the C—C vibrational modes in graphite due
to the rigidity provided by the large lattice. Indeed, by increas-
ing the frequencies by 8%, the pyrene E_ q.(T) curve can be
made to fit the graphite curve above 100 K to within a few
percent. A similar difference was reported by Stein et al. (1977).

In our calculations we will use the E_ 4. function of the
pyrene carbon skeleton for PAHs with n. < 140, and the
graphite relation for larger PAHs. The size roughly corre-
sponds to the transition from compact PAHs with the majority
of C atoms completely surrounded by other C atoms, to those
which have most C atoms on the periphery of the carbon
skeleton (cf. Stein et al. 1977). Assuming that the E_ 4, relation
of the carbon skeleton of compact PAHs larger than pyrene
falls between those of pyrene and graphite, the error made in
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this approach can be evaluated by varying the 140 C atom
threshold. When calculating the integrated emission spectrum
of a size distribution of PAHs (see § 4 below), variation of the
threshold between ne = 30-1500 results in differences in the
relative intensity of any emission feature of at most 3%. We
conclude therefore that the error introduced by the uncertainty
in the E/T relation is negligibly small.

To define the E,, 4. function of the C—H vibrational modes
in PAHs we use the C—H vibrational frequencies of pyrene.
The resulting curve and, for comparison, the function obtained
from the naphthalene C—H modes (McClellan & Pimentel
1955) are shown in Figure 5. The error made adopting this
procedure is small relative to the error introduced by the
exceedingly small difference between the E,_ 4.(T) curves for
the C—H modes of pyrene and naphthalene.

3.2.4. The Infrared Active Modes

The Einstein A-value of the v = 1-0 transition of an IR
active mode can be found from the cross section of the mode
integrated over the wavelength, o, ;, using

87nc
A.l’o = —0: .
i 4 int,i *
A

(15)
This section discusses our choices for o;,; as well as for the
position and the width of the various IR active modes used in
modeling the interstellar PAH emission.

3.24.1. The Mid-IR(3 <1 < 15um)

Positions and widths of the infrared active modes between 3
and 15 ym have been adopted from observations of the inter-
stellar IR emission bands (Table 3). Observed positions and
widths are preferred since there are, in general, slight discrep-
ancies in position and considerable discrepancies in width with
laboratory measurements of PAHs (Schutte et al. 1990). These
discrepancies are possibly due to differences between the
conditions in space and in the laboratory (ie., PAH size,
ionized vs. neutral PAHs, gas phase PAHs vs. PAHs in KBr or
KI pellets, emission spectra vs. absorption spectra, etc.).
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Moreover, the interstellar emission bands will be broadened
due to the sloshing around of the energy between different
vibrational modes (Heisenberg uncertainty relation;
AE At > h and because of overlap of the features from a wide
variety of PAHs. Using the observed position and widths
therefore facilitates the comparison between the model emis-
sion spectrum and the observations. However, for the coupled
C—H out-of-plane bending modes of two adjacent and of
three adjacent H atoms laboratory positions were adopted
(11.95 and 13.30 um, respectively), since no unequivocal identi-
fication of an interstellar band with these modes has been
made. An emission band which is observed at 12.7 yum toward
a number of sources could be due to either of these modes
(Cohen et al. 1985; Roche et al. 1989; Witteborn et al. 1989).

Table 3 lists two sets of integrated cross sections for the IR
active modes. The first set is based on laboratory measure-
ments of small PAHs (10 < n¢ < 24) in the gas phase or frozen
in neon matrices (see Schutte et al. 1990, and references
therein). The second set, which is used in our standard model,
has enhanced cross sections for the 6.2, 7.7, and 6.8 um bands.
The strength of an IR mode of a PAH is then found by multi-
plying its listed integrated cross sections by n. for C—C modes
and by ny for C—H modes.

3.24.2. The Far-IR (15 < A < 100 um)

The far-IR vibrational modes of PAHs originate from large-
scale out-of-plane motions of the carbon skeleton. Far-IR
absorption spectra out to ~ 100 um have been measured in the
laboratory in KI, KBr, and polyethylene pellets of a number of
PAHs of size between 14 and 42 C atoms (Léger et al. 1989a;
Donn 1988; Donn, Allen, & Khanna 1989; Wdowiak 1989;
Cyvin & Klaeboe 1988; Sadtler Atlas of IR Spectra 1966). The
position of these modes depends sensitively on the molecular
structure. Thus emission from a broad size distribution of
PAHs would tend to produce a “quasi continuum ” when mea-
sured under low spectral resolution (ATB). The average far-IR
cross section is plotted as a function of wavelength in Figure 6.
Since not all available spectra extend to 100 um, the average

TABLE 3

PosiTioNs, WIDTHS, AND INTEGRATED CROSS SECTIONS FOR THE PAH Mip-IR
ACTIVE MODES ADOPTED IN THE MODEL CALCULATION

INTEGRATED CROSS
SECTION (0;,,)°

(cm?* pm)
PosiTiON® FWHM?*

VIBRATION (um) (um) Laboratory® Standard

C—Hstretch ..o 3.295 0.048 14 (-21) 1.4 (-21)

C—Cstretch .......cooeiviiiiiiiiiiiiiiiiiin, 6.18 0.24 7.6 (—22) 1.8 (—21)

C—Cstretch .........oooiiiiiiiiiiiiiiinn. 7.62 0.20+ 0.60° 2.0 (—21) 1.2 (—20)

C—Hbend (in-plane) ..........c...cccooevuinin. 8.60 0.28 1.0 (—21) 6.0 (—21)
C—H bend (out-of-plane):

Isolated C—H .........cooiiiiiiiiiiii, 11.26 0.16 4.0 (—20) 4.0 (—20)

Two adjacent C—H .......................... 11.95¢ 0.29¢ 1.9 (—20) 1.9 (—20)

Three adjacent C—H ......................... 13.30¢ 0.29¢ 1.9 (—20) 1.9 (—20)

* Adopted from observations of the IR emission bands toward Orion position 4 (Geballe et al. 1989;

Bregman et al.

1989; Roche et al. 1989), unless otherwise noted.

® Integrated cross sections are given per H atom for C—H vibrational modes and per C atom for C—C

modes.

¢ The observed 7.7 um feature is strongly asymmetric. Entries give the adopted width of the short-wavelength
and the width of the long-wavelength component of the feature, respectively. Their sum is equal to the FWHM
of the entire feature.
4 From laboratory measurements for small neutral PAHs (10-24 C atoms; Schutte et al. 1990, and references

therein).

¢ Width of the 12.7 um emission feature toward Orion position 4 (Roche et al. 1989).
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FiG. 6—The average far-IR absorption cross section as a function of wave-
length for an ensemble of PAHs containing between 14 and 42 C atoms (thick
line). Superposed is the least-squares fit to these data (thin line). For compari-
son, the cross sections measured for hydrogenated amorphous carbon (long
dashed line; from Tanabé et al. 1983) and for graphite (short dashed line; from
Draine 1984) are also shown.

cross section in longer wavelength intervals was obtained from
a smaller PAH sample. In modeling the emission from inter-
stellar PAHs, the least-squares fit to these data, given by

y -1.24
oc(d) =43 x 10“2°<—m) cm ™2 per C atom ,
U

A>15um (16)

and shown in Figure 6 as a straight solid line, was used. This
result is slightly different from the relation derived by Leger et
al. (1989a) which was based on a somewhat smaller data set.
Our adopted cross sections are smaller by 35% at 15 um to a
factor of 2 at 80 um.

For comparison, the cross section of a hydrogenated amor-
phous carbon (HAC) material (from Tanabé et al. 1983) and of
graphite (Draine 1985) is also displayed in Figure 6. Some clear
differences between the FIR absorption properties of these
materials are apparent. First, the HAC absorbs considerably
stronger than the PAH sample, i.e., 4 times at 16 um. Other
amorphous carbon or HAC materials produced in the labor-
atory by various techniques were found to have even larger
far-IR cross sections (Bussoletti et al. 1987). Furthermore, the
cross section of the PAH sample decreases as 4~ !-24, while for
the HAC it scales with A7 %3° and for graphite it is approx-
imately constant out to 50 um. In contrast to PAHs, all modes
are somewhat IR active in a disordered material such as HAC.
This leads to a general increase in the absorption cross section.
Moreover, a macroscopic material will have modes (ie.,
phonons) at much lower frequencies than PAHs. Finally, for
graphite, a semimetal, the IR absorption is dominated by elec-
tronic transitions, not vibrations. Indeed, for such a well-
ordered material, the vibrational modes are very weak
compared to the continuum (Draine 1984). In general, it
should be emphasized that the FIR absorption properties of
graphite and HAC-related materials form a poor approx-
imation to those of PAHs.

3.2.5. The UV /Visual Absorption Properties

PAHs have three absorption band systems in the UV and
visible regions. The longer wavelength « and p systems are
generally much weaker than the shortest wavelength f§ system
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(Clar 1952; Jaffé & Orchin 1962) and can be neglected for our
purpose of modeling the UV/visual absorption of interstellar
PAHs. The 8 band system is, in general, characterized by a
sharp cutoff, which shifts to longer wavelengths with increasing
PAH size (Clar 1952; Platt 1956). Figure 7 shows the measured
cutoff wavelength as a function of average size {a) for
“compact” PAHs (Gutfreund & Little 1969). {a) is defined as
the radius of a circle of surface area equal to the molecule. With
the surface area of an aromatic ring equal to 5.2 A2, (a) is

given by
{ad =129./ng A,

where ng is the number of aromatic rings.

Theoretically, a linear relationship is expected between 4,
and (a) for compact PAHs (Robertson 1986). We will there-
fore use the least-squares fit through the data points displayed
in Figure 7 to define the cutoff wavelength for the UV /visual
absorption by our model PAHs. This relation is given by

A, = 1630 + 450<a) A . (18)

To evaluate A, from equations (17) and (18) for large PAHs,
we furthermore need a relation between ngp and n.. For
compact, circularly symmetric PAHs with 30 < n. < 30,000
this is, with 20% accuracy, given by

a7

ng ~ 0.40 * n .

(19)

The relation between nc and A, given by equations (17), (18),
and (19) is shown in Figure 7. It can be seen that although
small PAHs (nc < 40) exclusively absorb in the UV, in this
model larger PAHs also absorb in the visual, while extremely
large PAH (nc = 1000) absorb in the near-infrared as well.

Following ATB, we adopt a constant cross section equal to
oc=1x 1077 cm?/C atom shortward of the cutoff wave-
length for small PAHs (nc & 24). Scaling factors for this cross
section with PAH can be determined from the requirement
that one effective m electron contributes to the excitation
between 9.3 eV (72,600 cm~') and the low-energy cutoff

Nc
0 20 100 400 1000 2000
20,000 T T 1 T LI | T T T T T
3800 :
Q
16,000 — 3400 b -4
3000 - B
12,000 |- - . _
o 2600, 3 4 5
[$)
<~ 8,000 - .
4,000 — -
| 1 |
0 10 20 30 40
PAH size (A)

FiG. 7—Relation between the cutoff wavelength A, of the UV/visual
absorption, the average PAH size {a), and the number of atoms in the carbon
skeleton n.. The data points were obtained for pyrene (C,cH,,), coronene
(C,4H,,), ovalene (C5,H,,) and hexabenzocoronene (C,,H ). Superposed is
the least-squares fit through these data.
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(Robertson 1986). This results in

o(vi — v2) = constant , (20)

where v, is the cutoff frequency (=4; ') and v, = 72,600 cm ™'
It must be noted that equation (20) gives a nearly size indepen-
dent absorbtivity shortward of the cutoff wavelength. For
example, using equations (17), (18), (19), and (20) it is found that
the cross section per C atom in the infinitely large size limit is
only 20% lower than for coronene (C,,H,).

3.2.6. The Size Distribution

We assume that the PAH size distribution is given by a
power law. For our purposes the most convenient form of this
law is given by

(ﬂIX;’_:H> = Beng? tdne  ne = ng(min) ,
where [dNp,/Ny] is the total number of PAHs per interstellar
H atom containing between n¢ and n¢ + dn¢ carbon atoms.

In the classical MRN size distribution, the number of inter-
stellar graphite grains of radius a is given by (Mathis, Rumpl,
& Nordsieck 1977; Draine & Lee 1984

@1

<7V_NH) =Aca %da ap, <a<ag,,
where [dN/N,] is the number of graphite grains per inter-
stellar H atom with radius between a and a + da, a = 3.5,
Ac =692 x 10726 cm*™ !, a,;, ~ 0.005 ym, and a_,, =~ 0.25
um. In our standard model we will extrapolate this relation for
particles containing 105-10'° atoms to the 10-10* atom size
range relevant to modeling the IR emission features. Using

(22)

3
_ 4na’p,,

2
I 23)

ne

we then find

24

A B
B.= c (M) , (25)

3\ 3mc

where m is the mass of the carbon atom, and p,, is the density
of graphite (226 g cm™3). This yields f = 0.833 and B¢ =
1.24 x 1075, In the standard model we furthermore adopt
ng(min) = 14.

Désert et al. (1990) described the mid- and far-IR emission
using a particle population which is rather different from ours.
In their model, the emission originates from two components,
i.e., a PAH size distribution given by

(26)

where ap,y is the PAH radius, y =2 (corresponding to
a=—25), apn=4 A, and a,, =10 A (corresponding to
nc = 20 and =150, respectively). The second component con-
sists of spherical, very small grains (VSGs) with an amorphous
carbon-like composition. This component is comprised of par-
ticles containing essentially between 10 and 10* C atoms (the
abundance of VSGs with less than 10° C atoms is very small).
We preferred instead to use a continuous size distribution since
there are no clear observational or theoretical grounds for the
discontinuity introduced by Désert et al. Moreover, in our

dNppay = apayda with a;, <a<ag,,,

‘min =
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model we do not use amorphous carbon particles (i.e., clus-
tered aromatic structures cross-linked by aliphatic chains) but
only “flat,” free PAHs, since using such particles would intro-
duce a number of ill-defined free parameters. Instead, in § 5.7,
we qualitatively discuss the influence that the presence of such
particles would have on the model results.

3.2.7. The Radiation Field

We will adopt a stellar blackbody with cutoff at 912 A for
the radiation field exciting the PAHs. Thus, since only the
spectral shape and not the absolute flux influences the spectral
distribution of the fluorescence under the assumption of 1
photon excitation, the only free parameter related to the radi-
ation field is the effective temperature of the exciting star T*.
As standard value we adopt T* = 40,000 K, the effective tem-
perature of ®! Ori C, the star illuminating the Orion Bar
(Geballe et al. 1989).

4. MODEL SPECTRA

Figures 8a-8j show the model emission spectra from a size
distribution of PAHs obtained for the standard model and by
varying the free parameters discussed in § 3 one by one. To
obtain the emission integrated over the size distribution, model
spectra were calculated for pyrene (C,¢H,,), coronene
(C,4H,,), and for the hypothethical interstellar PAHs with
ne = 36, 54, 82, 126, 196, 294, 420, 600, 1000, 2000, 4000, 8000,
16,000, and 32,000, whose properties were described in § 3.
Table 4 lists, for each of the integrated spectra, the calculated
ratio expected in the Infrared Astronomical Satellite (IRAS) 12
and 25 um band fluxes.

4.1. The Standard Model

Figure 8a shows the model emission spectrum from a size
distribution of interstellar PAHs calculated using the standard
values of the free parameters (§ 3, Table 2). The 7.7 um and the
combined out-of-plane modes at 11.3, 12.0, and 13.3 um give
similar contributions to the IRAS 12 um band flux, while the
8.6 um feature gives a relatively smaller contribution. The
25 um IRAS band flux originates exclusively from far-IR
modes.

The flux emitted in the various features and in the IRAS 25
um band is shown in Figure 9 as a function of the PAH size.
The various mid-IR features and the far-IR continuum orig-
inate from distinctly different PAHs. Features at shorter wave-
length are emitted by smaller PAHs. These attain higher

TABLE 4

RATIO OF THE IRAS 12 AND 25 MICRON PHOTOMETRIC BAND FLUXES
FOR A NUMBER OF MODEL SPECTRA

Corresponding

Model F(12)/F(25) Figure

Standard ... 1.18 8a
0= 2. s 0.46 8b
A=45 2.94 8¢
nemin) =44 ... 0.92 8d
T*=10,000K .....cccooiviiiiiiiinns 0.79 8e
Neutral PAH cross sections................ 1.02 8f
Far-IR:largeo........ccoovvvinvninnnnn. 0.40 8g
Far-IR:smallo ..............cooooeiiae. 2.75 8h
Ju=050 . 0.99 8i
Ju=005 .. 0.69 8j
T*=10000K;x =25 ....cccceeviureinnnn 0.36
T*=10000K;x =45 ......ccoeevennnnn 1.65

Neutral PAH cross sections: fi; = 0.05 ... 0.36 11
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F1G. 8.—Model emission spectra calculated for a size distribution of PAHs embedded in a stellar radiation field. Each parameter has been varied independently.
The parameters for the standard model are given in Table 2.
(a) Standard model; (b) & = 2.5; (c) « = 4.5; (d) nd(min) = 44; (¢) T* = 10,000 K; (f) laboratory mid-IR cross sections (Table 3); (g) 10 times larger far-IR cross
sections; (h) 10 times smaller far-IR cross sections; (i) fy = 0.50; (j) fy = 0.05.
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F1G. 9.—Contribution to the total emission in a feature, dF/dIn(ny), as a
function of the PAH size (ie., the number of C atoms ng), for the mid-IR
features and for the IRAS 25 um photometric band, in the standard model.
The surface area under each of curve gives the total flux emitted in the corre-
sponding IR feature.

excitation levels after absorbing a photon. Furthermore, at
similar wavelengths, C—H modes are emitted by somewhat
smaller PAHs than the C—C modes, since the number of H
atoms relative to C atoms in a model PAH decreases with size
as ng %3 (eq. [13]).

4.2. The Size Distribution [, n(min)]

Figures 8b, 8¢, and 8d show the model emission spectra
obtained by varying the size distribution. Increasing the
amount of larger PAHs (a = 2.5) enhances the relative emis-
sion from longer wavelength features (Fig. 8b). Conversely, the
shorter wavelength bands are enhanced with a = 4.5 (Fig. 8¢).
The influence of « is especially pronounced in the ratio of the
3.3 um band to the other mid-IR features and in the relative
intensity of the mid- and far-IR emission. This reflects the
differences in the sizes of the PAHs responsible for the bulk of
emission in these regions (Fig. 9). The 8.6/7.7 ym ratio also
varies somewhat with «. The influence on the 11.3/7.7 um ratio
is, on the other hand, rather small.

Increasing the minimum PAH size to n¢(min) = 44 leads to a
strong decrease of the 3.3 um feature (Fig. 8d). The influence on
the relative intensities of the other features is small, since PAHs
with nc < 44 contribute little to these bands.

4.3. The Radiation Field Temperature (T*)

Figure 8¢ shows the model emission spectrum obtained for
an exciting radiation field of temperature T* = 10,000 K. At
this lower temperature the shorter wavelength features
decrease in the intensity relative to the longer wavelength fea-
tures. This is related to two effects. First, due to the lower
average photon energy, the average emission temperature of a
given PAH is lower. Second, because the UV/visual absorption
threshold wavelength /. increases with PAH size (§ 3.25), the
relative contribution to the emission from smaller, hotter,
PAHs decreases in the cooler radiation field.

4.4. The Integrated Cross Section of the 6.2,7.7, and
8.6 Micron Features

Figure 8f shows the model emission obtained using the inte-
grated IR cross sections that have been measured for small,
neutral PAHs (Table 3). As expected, this decreases the relative
intensity of the 6.2, 7.7, and 8.6 um bands. The ratio of the
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intensities of the 7.7/11.3 um features, for example, decreases
by a factor 5.2, close to the decrease in the ratio of their intrin-
sic strengths. The relative intensities of the other emission fea-
tures change little as compared to the standard model.

4.5. The Far-IR Absorption Cross Sections

Figure 8g shows the model spectrum obtained using 10
times larger far-IR cross sections than in the standard model.
As expected, the intrinsic strengths of the far-IR modes have
considerable influence on the far-IR emission level. This also
influences somewhat the relative distribution of the mid-IR
features. The intensity of the 3.3 um feature strongly increases
relative to the longer wavelength mid-IR features, while there
is a small increase in the 7.7/11.3 um ratio. This can be ascribed
to the additional far-IR emission originating from PAHs at
temperatures at which the 7.7 um mode and the out-of-plane
modes also emit intensely. The 3.3 um band is emitted at tem-
peratures where far-IR emission is almost negligible. Thus the
gain in the far-IR flux is primarily at the expense of the longer
wavelength mid-IR bands. Conversely decreasing the far-IR
cross sections by a factor of 10 constrains the relaxation to the
mid-IR and increases the relative flux in the 7.7 um and the
out-of-plane bending features with respect to the 3.3 um band
(Fig. 8h).

4.6. The Degree of Hydrogenation

Figures 8i and 8j show the model spectra obtained with 50%
and 5% hydrogenated PAHs, respectively. As expected, the
dehydrogenated PAHs emit less flux in the 3.3 um, 8.6 um, and
the combined out-of-plane C—H bending features. However,
for the 50% hydrogenated model, the 11.3/7.7 um intensity
ratio does not change significantly with respect to the standard
model. This is due to the conversion by the dehydrogenation of
C—H groups in ensembles of 2 or 3 adjacent C—H groups to
isolated groups, counteracting the effect of the overall loss of
hydrogen atoms (§ 3.2.2, Fig. 4). However, due to the fast disap-
pearance of ensembles of adjacent C—H groups, the 12.0 and
especially the 13.3 um feature diminish strongly upon dehydro-
genation. Fifty percent dehydrogenation results in a strong
reduction of the 12.0 um feature and the virtual disappearance
of the 13.3 um feature, while at 5% hydrogenation, only the
11.3 uym feature remains.

5. THE OBSERVED IR EMISSION BANDS AND THE PROPERTIES
OF INTERSTELLAR PAHS

5.1. IR Spectra toward a Number of PAH Emission Sources

Four PAH emission objects have been especially well
studied in the 2.8-13 um region. These are the planetary
nebulae BD 30°3639 and NGC 7027, the proto—planetary
nebula HD 44179, and position 4 in the Orion Bar. We have
collected the various data sets available for these objects in
order to synthesize the emission spectrum of each object across
the entire mid-IR spectral region. Where possible, IR emission
features in low-resolution spectra have been replaced by recent
high-resolution data, scaling by the ratio of the integrated
strength of the features in both spectra. In the case of the Orion
Bar, where the PAH emission is very extended (e.g., Geballe et
al. 1989; Roche et al. 1989), we reduced all spectral data to the
emission level at a fixed aperture of 5” around position 4 using
photometric data as a guide. The results are shown in Figure
10.
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F16. 10.—The emission spectra toward position 4 in the Orion Bar, BD +30°3639, NGC 7027, and HD 44179. All data have been scaled to a 5” aperture.
Intensity axes are 10! W ¢cm ™2 for Orion and NGC 7027, 10™* W cm ™2 for BD +30°3639, and 10~ '* W cm ~ 2 for HD 44179. Note that the wavelength axes are
on a log scale. For details and references, see text. Arrows and peak wavelengths designate the interstellar infrared emission features attributed to free PAH
molecules. The long dashed lines underlying the features in the spectra toward Orion and NGC 7027 indicate the contribution from larger PAHs and PAH clusters.

The planetary nebula BD 30°3639 has a diameter of about
6" (Hora et al. 1990). Spectra of the entire nebula are available
between 4.9 and 9.2 um from Allamandola et al. (1989b; 27"
aperture), between 10.1 and 12.5 um from Witteborn et al.
(1989; 12" aperture). The 12.5-13.1 um portion of this spec-
trum is omitted in Figure 10 because it is dominated by Ne 11
emission at 12.5 um), and finally between 2.9 and 9.4 um from
the low-resolution data of Russell, Soifer, & Merrill (1977a; 17"
aperture). The low-resolution data was augmented by the
3.2-3.6 um spectrum from Geballe et al. (1989; 5” aperture)
using a scaling factor of 1.75.

The planetary nebula NGC 7027 has a maximum diameter
of about 12" (Arens et al. 1984). The 2.9-4.1 um spectrum of
Merrill, Soifer, & Russell (1975; 17” aperture) has been
appended by the 3.2-3.6 um spectrum of Nagata et al. (1988);
2.7" aperture), scaled by a factor of 16.3. The 5.0-8.0 um
portion of the spectrum is taken from Bregman et al. (1989).
The low resolution 7.5-13.7 um data of Russell et al. (1977b;
aperture 17" [short-dashed line]) has been partially replaced by
the 10.1-13.0 ym high-resolution spectrum of Witteborn et al.
(1989; 12" aperture [solid line]), scaled by a factor of 1.68.

The maximum diameter of the protoplanetary nebula HD
44179 is about 4” (Russell, Soifer, & Willner 1978). The low-
resolution 2.9-4.1 um data from Russell et al. (1977a; aperture
17") has been augmented by the high-resolution study of
Geballe et al. (1989; aperture 5”). The 5-13 pum spectra are
from Cohen et al. (1986; aperture 21”) and Witteborn et al.
1989; aperture 12”), with the latter scaled to the former by 1.13
to match the flux in the 11.2 um feature.

All data for Orion position 4 were scaled to the 5” aperture
of the 3.0-3.7 um spectrum measured by Geballe et al. (1989).

First, the 5.2-12.3 um spectrum from Bregman et al. (1989; 21"
aperture) was scaled to the 6” 11.0-13.2 um spectrum reported
by Roche et al. (1989) using a factor of 0.17 to match fluxes in
the 11.2 um band. These data were then smoothed to a
resolution of 1.2 um to compare with photometric measure-
ments at 8.7, 9.5, and 11.2 um of Becklin et al. (1976; aperture
4'5). This indicated that a scaling factor of about 0.6 was
needed to adjust the level of the 5.2-13.2 um spectrum to the
level of the 3.0-3.7 um spectrum.

5.2. The Radiation Field in the Emission Objects

Since our model assumes that the PAHs are excited by one-
photon processes, we assessed the validity of this assumption
for a number of interstellar environments where the IR emis-
sion bands are observed. According to Figure 9, the mid-IR
bands are predominantly emitted by PAHs with less than
~1000 C atoms. Thus, multiphoton processes do not influence
the distribution of the mid-IR emission as long as the one-
photon assumption holds for these PAHs. Photon fluxes and
photon absorption rates are given in Table 5 for the emission
sources of Figure 10. It can be seen that for the objects with
circumstellar PAHs—BD 30°3639, NGC 7027, and HD
44179—multiphoton processes are important even for PAHs
containing less than 10° carbon atoms, implying that the rela-
tive intensities of the mid-IR bands will be influenced. Caution
should therefore be used in applying our model to the obser-
vations of these objects. For position 4 in the Orion Bar, on the
other hand, multiphoton processes become important only for
nc 2 10%, and the one-photon assumption can therefore be
used for modeling its mid-IR emission spectrum. For the
diffuse medium, the one-photon assumption holds out to nc &

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1993ApJ...415..397S&db_key=AST

T 714151 139750

3A0

rt

No. 1, 1993 INFRARED FLUORESCENCE FROM PAHS 409
TABLE 5
FLuUX LEVELS, PHOTON ABSORPTION RATES, AND THE NUMBER OF PHOTON ABSORPTION EVENTS PER RELAXATION PERIOD
FOR SOME PAHs IN VARIOUS OBJECTS
ABSORBED?
PHOTON Photons s+ Photons/(Relaxation Time)®
Frux*
OBJECTS (cm™%s71) Ci6Hio Co6H 4 CsooHeo Cis2000H501 Ci6Hio CosH,5 CeooHeo Ci2000H501
HD 44179 ........... 1.6 (15)° 6.6 (—2) 13 79 4.1(2) 9.0 (-2 4.6 1.3(2) 2.1(5)
NGC7027 .......... 1.7 (14) 2.6 (—2) 14 (-1) 8.2(-1) 4.3 (1) 35(-2) 49 (-1) 1.3(1) 2.2 (4)
BD 30°3639 ......... 4.6 (13)° 59 (=3) 38(—2) 23(-1) 1.2(1) 8.0 (=3) 1.3(-1) 3.6 6.2 (3)
OrionBar ........... 1.1 (13)° 1.5(=3) 8.7(-3) 52(-2) 2.7 2.0(-3) 31(-2) 0.82 1.4 (3)
Diffuse ISM........... 5.9 (8f 24 (—8) 47(-17) 2.9 (—6) 1.5(—4) 33(—9) 1.7 (—6) 4.6 (—5) 8.0(-2)

2 From 20,000 to 109,650 cm ™ !.

b Relaxation times from 109,650 to 20,000 cm~* are equal to 1.4, 3.5, 159, and 520 s for C,cH,,, Co6H g, CosH,7, CeooHeor and Ciy00Hs5015

respectively.
¢ From Geballe et al. 1989.

4 Using a total flux of 2 x 10™!* W cm ™2, a temperature of 200,000 K (Pottasch 1984), and an angular distance between stellar source and planetary

nebula of 2” (Arens et al. 1984).

¢ Using a total flux of 5 x 10™!* W cm ™2, a temperature of 31,000 K (Pottasch 1984), and an angular distance between stellar source and planetary

nebula of 2” (Hora et al. 1990).

f The interstellar radiation field is approximated as a blackbody of temperature 10,000 K multiplied by 1 x 10~ **(Spitzer 1978).

10°, and the model can, in this case, be used at least out to 25
um. We will therefore use the mid-IR emission spectrum
toward Orion position 4 and the 12 and 25 um observations by
IRAS of diffuse cirrus clouds with our model to study the
properties of interstellar PAHs.

Figure 10 and Table 5 show an inverse correlation between
the incident UV/visual flux and the observed IR feature-to-
continuum ratio. In the Orion Bar where multiphoton pro-
cesses are probably unimportant for the mid-IR emission,
there is little or no continuum emission present under the emis-
sion features. When the incident UV/visual flux increases,
multiphoton processes become important for large PAHs (BD
30°3639 and NGC 7027) and the IR continuum rises at the
longer wavelength side of the mid-IR region. For HD 44179,
where multiphoton processes are important for nearly all size
PAHs and thus contribute through the entire mid-IR region, a
strong continuum underlies the entire mid-IR spectrum. This
suggests that, in these high-flux regions, the continuum emis-
sion originates from relatively large species. In spectral regions
where emission by multiphoton excited particles is important,
large particles will contribute to the mid-IR emission as well as
small particles and molecules. Thus PAHs (n. < 1000) emit the
IR features, while larger particles (nc > 1500) likely emit the
underlying continuum in high-flux regions.

5.3. Comparison of the Orion Bar Spectrum with the
Standard Model

Comparing Figures 8a and 10 shows that the standard
model fits the relative intensities of the Orion Bar IR emission
quite well. The interstellar 12.7 um feature falls between the
12.0 and 13.3 um laboratory bands associated with the out-of-
plane modes of two and three adjacent H atoms (Table 3). As
12.7 um is somewhat closer to the three adjacent H atom
region, an assignment to this mode was earlier proposed
(Roche et al. 1989). However, in this case the absence of an
emission feature due to the mode of two adjacent H atoms
seems somewhat puzzling. In principle, the continuum emis-
sion between 11.5 and 12.6 um could well be due to such
groups (Cohen et al. 1985). However, in Orion, this continuum
emission does not spatially correlate with the 11.3 and 12.7 um
features (Roche et al. 1989; Witteborn et al. 1989), and it is

therefore likely not due to the PAHs that emit these bands but
possibly to large PAHs and PAH clusters (Bregman et al.
1989).

The standard model reproduces the relative intensity of the
observed IR emission bands with integrated cross sections for
the 6.2, 7.7, and 8.6 um bands which are enhanced with respect
to the laboratory values for neutral PAHs by factors of 2.4, 6.0,
and 6.0, respectively. This enhancement in the intrinsic
strength of the features is necessary to get a good fit to the
observations, and this forms one of the important conclusions
of this study. In the remainder of this section, we will discuss
briefly the uncertainty introduced by other parameters in the
determination of these enhancement factors.

An error in these cross sections is introduced by the uncer-
tainty in the adopted size distribution, the error in the far-IR
absorption properties, the assumed molecular structure and
possibly by the assumption of 100% hydrogenation. It can be
seen from Figures 8b, 8¢, and 84 that even considerable varia-
tion of the size distribution only slightly influences the 7.7/11.3
um emission ratio. For example, using alternatively a = 4.5
with no(min) = 20 results in an identical 3.3/11.3 um intensity
ratio with a 1% larger 7.7/11.3 um ratio and 10% larger 6.2/
11.3 ym and 8.6/11.3 um ratios as compared to the standard
model. The error introduced by the uncertainty in the far-IR
absorption properties is likewise rather small. From Figures 8¢g
and 8h it can be seen that even large variations in the strength
of the far-IR absorption bands only leads to a small change in
the 7.7/11.3 um ratio. For example, a model with 10 times
larger far-IR absorption, n(min) = 32, and o = 3.5 reproduces
the standard 3.3/11.3 um ratio with 10% larger 7.7/11.3 uym
and 8.6/11.3 um ratios, while the 6.2/11.3 um ratio is 20%
larger. Additionally, an error of perhaps 30% could be intro-
duced by the uncertainty in the PAH molecular structure, i.e.,
the number of H atoms on a PAH and their distribution over
groups of isolated, two adjacent and three adjacent atoms
§3.2.1).

It h::)lS been argued that the observed enhancement of the
C—C modes at 6.2 and 7.7 um with respect to the 11.3 um
C—H mode reflects almost complete dehydrogenation of the
emitting PAHs (C/H > 100; Jourdain de Muizon et al. 1990a,
b). However, as will be discussed in § 5.4, the observational
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evidence suggests that the PAHs are not dehydrogenated by
more than 50%. With less than 50% dehydrogenation, the
amount of isolated H atoms on the carbon skeleton changes
very little (§ 3.2.2), leaving the 7.7/11.3 um intensity ratio essen-
tially unchanged. In conclusion, we estimate that the uncer-
tainties in the integrated cross sections per C—C or C—H
bond adopted for the 6.2, 7.7, and 8.6 um features of interstellar
PAHs relative to the 11.3 um band (Table 3) are of the order of
50%, 40%, and 50%, respectively.

5.4. Dehydrogenation

Originally, dehydrogenation was introduced to account for
the presence of only C—H out-of-plane deformation modes
corresponding to isolated Hs (Duley & Williams 1981).
However, as subsequent observations have revealed the pres-
ence of the C—H deformation modes of doubly and/or triply
adjacent C—H groups (Cohen et al. 1985; de Muizon et al.
1986; Roche et al. 1989; Witteborn et al. 1989), need for this
drastic assumption has disappeared. Nevertheless, it has been
suggested that the observed enhancement of the interstellar
7.7/11.3 uym band ratio with respect to laboratory spectra is
due to strong dehydrogenation (~90%; Léger &
d’Hendecourt 1987 and Jourdain de Muizon et al. 1990a). To
investigate this possibility, a model spectrum was calculated
using the laboratory-measured IR integrated cross sections
(Table 3) and 95% dehydrogenated PAHs (Fig. 11). Although
the spectrum reproduces the observed 7.7/11.3 um ratio, a
number of discrepancies are apparent with respect to the
Orion Bar spectrum (Fig. 10) which arise from this high degree
of dehydrogenation. First, the CH mode at 8.6 um is much too
weak. Second, the model does not reproduce the structure
observed in the 11-14 um C—H out-of-plane bending region.
At this high degree of dehydrogenation, only isolated C—H
groups survive, giving rise to the 11.3 ym band, while the two
and three adjacent C—H groups responsible for the 12.7 yum
feature have all but disappeared (§ 3.2.2). We conclude that
dehydrogenation cannot be the cause of the enhancement of
the 7.7 um interstellar feature with respect to the 11.3 um band.

Comparison of Figures 8a, 8i, 10, and 11 shows that the
PAHs in the Orion Bar region can be at most ~50% dehydro-
genated, provided the 12.7 um feature originates from the
out-of-plane bend of two adjacent H atoms (§ 5.3). At lower
hydrogenation, the intensity of this mode relative to the 11.3
um feature becomes much lower than observed, due to the low
number of remaining groups of two adjacent H atoms (§ 3.2.2,
Fig. 4). If the 12.7 um feature is assigned to the out-of-plane
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Dehydrogenated
neutral PAHs

F (const.* W cm-2)
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F1G. 11.—The model emission spectrum obtained using a fractional hydro-
gen coverage of fy; = 0.05 and the laboratory measured values of the integrated
cross sections for the mid-IR modes (Table 3).
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bend of three adjacent H atoms, the maximum allowed dehy-
drogenation is even less. Additionally, comparing Figures 8a,
8i, 10, and 11 likewise suggests that the observed ratio of the
8.6 over the 7.7 um feature excludes dehydrogenation in excess
of about 50%. In fact, both the 12.7/11.3 ym and the 8.6/7.7 um
ratio are well reproduced by our 100% hydrogenated standard
model. In this model the greater intensity of the 11.3 ym band
relative to the 12.7 um bands is in part a consequence of the
intrinsic strengths of the respective modes. The integrated cross
section per H atom for the isolated C—H group is measured to
be twice that of two and three adjacent H atoms for PAHs in
KBr pellets (Table 3). In addition, emission in the out-of-plane
modes is dominated by very large PAHs (60-500 C atoms; see
Fig. 9). Compact PAHs in this size range have similar numbers
of isolated, two adjacent, and three adjacent C—H groups
(§ 3.2.1) as opposed to the 20-40 C atom PAHs that have
been studied in the laboratory. Here the number of isolated
C—H groups is, in general, very small. We conclude that the
emission spectrum toward the Orion Bar is consistent with
fully hydrogenated PAHs, although a small degree of dehydro-
genation (< 50%) cannot be excluded.

5.5. The Interstellar 3.4 Micron Emission Feature and the
Aromatic C—H Hot Band

Emission in the 3 ym region from interstellar PAHs is gener-
ally characterized by a broad plateau with a number of super-
posed subfeatures along with the dominant 3.3 um emission
band (Geballe et al. 1985; Jourdain de Muizon et al. 1986;
Jourdain de Muizon et al. 1990b; Nagata et al. 1988; Geballe
et al. 1989; Lowe et al. 1991). It was suggested that the most
prominent subfeature at 3.405 um (henceforth the 3.4 um
feature) is due to the » = 2-1 “hot band ” of the C—H stretch-
ing vibration, which, due to the large anharmonicity of the
aromatic stretching mode, falls longward of the 3.3 um v = 1-0
fundamental (Barker et al. 1987; Geballe et al. 1989). In the
following we will investigate this possibility.

The ratio of the intensity of the v = 2-1 hot band to the
v = 1-0 transition of the C—H stretching mode strongly
increases with increasing vibrational energy of a PAH mol-
ecule (Barker et al. 1987). However, the ratio is bound to a
maximum because, above a certain threshold energy E,,,, the
molecule will lose its excess energy through C—H bond disso-
ciation rather than through infrared fluorescence. To test the
hot band model, this theoretical maximum is derived and com-
pared to the observed 3.4/3.3 um intensity ratios.

Table 6 lists E,,, for a number of aromatic molecules. These
numbers were obtained using the RRKM theory to calculate
the rate of C—H bond dissociation as a function of internal
vibrational energy (Barker 1983; Tielens et al. 1987). Table 6
furthermore lists the maximum possible ratio of the v = 2-1
hot band to the v = 1-0 transition; i.e., at vibrational energy
E,. Additionally, an “astronomical” maximum is listed,
obtained by integrating the IR emission during relaxation from
E,, to energy 0. This maximum holds as long as multiphoton
processes remain unimportant, which, for the small PAHs of
Table 6, can be assumed in almost all interstellar environments
(Table 5). It can be seen that the maximum possible intensity of
the v = 2-1 hot band is equal to 0.17 times the v = 1-0 band
intensity for benzene, and decreases with increasing molecular
size.

The observed 3.4/3.3 um intensity ratio is typically in the
range 0.06—0.15. Our standard model results in a value of the
v=2-1 to v = 1-0 ratio of 0.08, within the observed range.
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TABLE 6

THE C—H DIiSsOCIATION THRESHOLD ENERGY AND THE (MAXIMUM POSSIBLE)
RATIO OF THE EMITTED FLUX IN THE v = 2-1 TO THE v = 1-0 TRANSITION
OF THE C—H STRETCHING MODE FOR SOME SMALL PAHs

Flo =2-1)
F(v = 1-0)
E..* Astronomical
MOLECULE (cm™') Maximum Maximum T* = 40,000 K

Benzene........... 45,000 0.455 0.166 0.332
Naphthalene ..... 58,000 0.333 0.126 0.202
Pyrene ............ 78,000 0.280 0.117 0.114
Coronene ......... 105,000 0.254 0.114 0.068

* Obtained with RRKM theory (Barker 1983).

® The maximum and astronomical maximum were obtained from the emis-
sion intensity ratio at E,, , and by integrating the emission during relaxation
from excitation energy E,, to 0, respectively. The T* = 40,000 K ratio was
obtained by integrating the PAH emission after absorption of a photon over
the stellar photon field, not taking into account cooling by dissociation of the
C—H bond. In these calculations, the ratio of the v = 2-1 to the v = 1-0
emission intensity was obtained using exact densities of states.

However, the highest known ratio of 0.15, observed 20” south
of position 4 in the Orion Bar (Geballe et al. 1989), can, accord-
ing to our calculations, be reproduced only by almost pure
benzene emission. However, larger aromatic molecules up to
ne = 80 are likely to contribute to the emission in the 3 um
region as well (Fig. 9), and thus would lower the 3.4 to 3.3 um
ratio. It seems therefore unlikely that the hot band of the aro-
matic C—H stretching mode could be responsible for all of the
3.4 um emission feature 20” south of position 4 in the Orion
Bar, and by inference elsewhere as well, unless the C—H band
in the small PAHs which emit the C—H stretching fundamen-
tal and hot band are considerably more stable against fission
than predicted by this model.

Another consequence of the hot band model that can be
tested observationally involves variations in the overall rela-
tive band intensities which should accompany variations of the
3.4/3.3 um ratio. An increase of the ratio is, in this model, due
to increasing numbers of small PAHs (nc < 16). Since such
molecules contribute negligibly to the longer wavelength IR
emission features (Fig. 9), a relative increase of the 3.3 um band
would then be expected. For example, in the Orion Bar region,
the ratio of the intensity of the 3.4 um band to that of the 3.3
um feature increases with increasing distance from the exciting
Trapezium stars. At position 4 the observed ratio equals 0.07,
while 20” south a ratio of 0.15 is found (Geballe et al. 1989).
Table 6 lists the emission in the v = 2—1 hot band ratioed to the
emission in the v = 1-0 transition for a number of small PAHs
when exposed to a stellar field of temperature T* = 40,000 K,
the effective temperature of ®! Ori C, the irradiating star in the
Orion Bar. The T* = 40,000 K column does not take into
account the cooling by C—H bond dissociation which, as dis-
cussed above, likely occurs if the PAHs are sufficiently excited,
and the listed values may therefore considerably overestimate
the v = 2-1/1-0 ratio actually obtained. With these numbers
the increase of the 3.3 um feature relative to the longer wave-
length bands was calculated. The minimum increase is
obtained when assuming that an increased abundance of
benzene is responsible for the increase in the 3.4/3.3 um ratio.
In this case, the intensity of the 3.3 um band relative to the
longer wavelength features should increase by 30% at the loca-
tion 20” south of position 4. For larger PAHs with a smaller
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v = 2-1 relative to v = 1-0 emission, the expected increase of
the 3.3 um band would be larger. For example, when the extra
hot band emission is due to the addition of naphthalene mol-
ecules, an increase of the 3.3 um feature by a factor of 2 is
found. To take into account cooling by C—H bond disso-
ciation at high excitation of the PAHs, we can alternatively use
the v = 2-1/1-0 ratios listed in the “astronomical maximum ”
column in Table 6. This yields, if the extra 3.4 um emission is
caused by benzene, a predicted increase of the 3.3 um feature
20" south of position 4 equal to a factor of 3 relative to the
longer wavelength emission features.

Thus, all other things being equal, the hot band model pre-
dicts an increase of the 3.3 um feature relative to the longer
wavelength features 20” south of position 4 by at least 30%.
Observations by Roche et al. (1989) of the 11.3 um band and by
Geballe et al. (1989) of the 3.3 um feature toward position 4
and 20" south indicate a nearly constant 3.3/11.3 um ratio.
However, since the intensities of the IR emission bands
decrease strongly with increasing distance from the Trapezium
stars (Geballe et al. 1989), small differences in the pointing of
the telescope between these two data sets should lead to con-
siderable error in the obtained 3.3/11.3 um ratios. Nonetheless,
variations of more than a factor of 2 can likely be excluded.
Furthermore, local density fluctuations and inhomogeneities
could alter the relative contributions from the large and small
PAH populations. Thus, future observations in the Orion
region are needed to further constrain the variations of the
3.3/11.3 um intensity ratio and could serve as an important test
of the hot band model.

In summary, both the observed absolute value of the 3.4/3.3
um ratio and the spatial variation of the relative intensities of
the IR emission bands in the Orion Bar region are only mar-
ginally consistent with the predictions from the hot band
model. It seems therefore that there is another contributor to
the 3.4 um feature. Nonetheless, a separate hot band must be
present in the emission of interstellar PAHs at some level. For
example, our standard model with « = 3.5 and nd(min) = 14
yields a hot band to fundamental ratio of 0.079, while an alter-
native model with a = 4.5, ng(min) = 20, which gives a vir-
tually identical overall emission spectrum, yields a ratio of
0.050. Thus, it is expected that detectable hot band emission be
present near 3.4 um. Perhaps the long-wavelength shoulder on
the 3.4 um feature near 3.415 um observed toward NGC 7027
and Orion position 4 is this hot band (Barker et al. 1987), while
the main feature originates from some other source (Lowe et al.
1991). Future observations of the variation of the intensity of
this shoulder relative to the 3.3 um feature and of the corre-
lations between the 3.4 um shoulder/3.3 um intensity ratio, the
3.3/11.3 um ratio, and the excitation radiation field are needed
to further constrain the nature of these features.

5.6. Aliphatic Sidegroups and “SPAHs”

As an alternative to the hot band model, it has been sug-
gested that the 3.4 um feature is due to the asymmetric C—H
stretching vibrations by aliphatic sidegroups on the PAH mol-
ecules (Duley & Williams 1981; de Muizon et al. 1986; Jour-
dain de Muizon et al. 1990b; Nagata et al. 1988). However,
when measured in KBr and KI pellets, the —CH,— sidegroup
band falls at 3.369 um, well below the observed position at
3405 um. For —CHj sidegroups, on the other hand, this
feature falls at 3.407 um (d’Hendecourt & Léger 1987), but then
a feature at 3.65 um is expected to accompany the 3.405 ym
band, and such a feature has not been found toward NGC
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7027 (Sandford 1991). Sandford (1991) has also shown that
there are several relative intensity discrepancies with the side-
group model. Nevertheless, aliphatic sidegroups should not yet
be excluded as the carrier of the 3.4 um feature, since their
vibrational frequencies on ionized or vibrationally excited free
molecular PAHs are not known, and they might provide a
better match to the interstellar data (de Muizon et al. 1986).
Another possibility is that some PAHs may have a number
of hydrogen-saturated edge rings (de Groot 1991). These
“superhydrogenated” PAHs (“SPAHs”) would possess two
C—H stretching bands, one due to the symmetric and the
other to the asymmetric C—H stretching modes. If the mol-
ecules were fully (super-) hydrogenated (i.e., a cyclic aliphatic
alkane such as cyclo-hexane), the bands would fall at about
2926 and 2853 ¢cm ™! (3.418 and 3.505 um), with the former
more intense than the latter (Bellamy 1958; d’Hendecourt &
Allamandola 1986). For PAHs which have H atoms added
across a few double bonds as illustrated in Figure 12, the bands
fall at about 2930 and 2820 cm ™! (3.41 and 3.55 um), again
with the former more intense (Sadtler Catalog of IR Spectra,
1966). These hydrogen atoms are quite labile. Having low bond
dissociation energies, they are easily removed, restoring the
rings’ aromaticity (Stein & Brown 1991). Accepting this expla-
nation for the moment—based on the observed 3.3/3.4 um
intensity ratio and assuming that aromatic and aliphatic CH
band strengths apply (cf. Schutte et al. 1990)—implies that
1%-2% of interstellar PAH edge sites are superhydrogenated.

5.7. The Size Distribution and Far-IR Emission

The standard model reproduces the mid-IR emission spec-
trum toward Orion with a size distribution of steepness a = 3.5
and nd(min) = 14. However, since changing the minimum
PAH size and steepness («) influence the emission spectrum in
a similar fashion (cf. Figs. 8a-8d), this fit is certainly not unique.
In fact, if exclusively considering the mid-IR emission, a good
fit could be obtained with a “size distribution” containing a
single PAH of about 40 C atoms (Figs. 9 and 10; see also § 1
and references therein). Additional uncertainty in the size dis-
tribution is introduced by a possible difference between the
integrated cross section of the 3.3 um C—H stretching mode
for laboratory measured and interstellar PAHs (cf. DeFrees et
al. 1993).

The ratio of the mid- to far-IR emission gives a better con-
straint on the size distribution of the PAHs, since it is only little
influenced by the value of nc(min), while the effect of a is quite
large (cf. Figs. 8a—8d). Unfortunately, the uncertainty in PAH
far-IR absorption properties limits the accuracy to which o can
be determined (Figs. 8a, 8¢, and 8h). The ratio of the IRAS 12
and 25 um photometric fluxes observed in the diffuse medium
varies between 0.7 and 1.5, with an average of ~ 1.0 (Chlewicki
& Laureys 1988). A model with the standard parameters but
T* = 10,000 K (the approximate temperature of the inter-
stellar radiation field; Spitzer 1978) yields a ratio of 0.79.
Apparently, the standard MRN-type size distribution for
PAHs with 14 < nc < 10° reproduces the far-IR broad-band
emission reasonably well. This result supports the assumption
of the presence of a continuous size distribution of PAHs, since
such models can simultaneously match the spectral distribu-
tion in the mid-IR as well as the relative intensities of the mid-
and far-IR emission in the IRAS broad bands (see also Puget et
al. 1985; Désert et al. 1990). Models with o = 2.5 and 4.5 give
12 to 25 um band ratios of 0.36 and 1.65, respectively (Table 4),
outside the range of observed values. However, due to the
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uncertainty in the far-IR cross sections and possible contribu-
tions to the 25 um emission by particles of size 103-10° atoms
other than PAHs, size distributions with steepness somewhere
in the range should not be excluded.

As described in § 3.2.7, Désert et al. (1990) fitted the mid- and
far-IR emission (up to 50 um) using two populations of grains
(PAHs and VSGs). The mid-IR emission resulting from this
model is quite similar to that of our standard model. The
steepness of the PAH size distribution is much smaller than
that of our standard model while the minimum PAH size is
somewhat larger, resulting in more emission in the 6.2, 7.7, and
11.3 um features relative to the 3.3 pm feature from PAHs
smaller than n. = 150. This difference is compensated for by
the lack of PAHs with more than 150 C atoms, which, in our
model, strongly contribute to the 6.2, 7.7, and 11.3 ym bands
(Fig. 9). Likewise, the relative far- and mid-IR emission is quite
similar for the Désert et al. model and our standard model.
Here, the various differences between our two approaches
offset one another. On the one hand, the number of particles
with ne > 103 relative to PAHs with less than 150 C atoms is
considerably smaller in the Désert et al. model. This decreases
the far-IR relative to mid-IR emission. However, this is offset
by the dearth of particles containing between 150 and 10° C
atoms in the Désert et al. model. These contribute a large
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fraction of the mid-IR emission in our model (Fig. 9). As this
comparison illustrates, the details of the size distribution are
not well constrained, and presently no model can “claim” to
be unique. Further tests will be provided by theoretical and
observational studies of regions with varying incident UV
fluxes.

6. CONCLUSIONS

We have synthesized mid-IR (2.8-13 um) emission spectra
from four well-studied PAH emission sources: HD 44179,
NGC 7027, BD 30°3639, and position 4 in the Orion Bar. An
inverse correlation of the observed feature-to-continuum ratio
with the UV/visual flux level in these sources suggested that
the features originate in small species (< 10® C atoms), while
the continuum is dominated by larger particles which are
excited by multiphoton processes.

We have modeled the spectrum of the family of IR emission
bands observed toward the Orion Bar region by calculating
the emission from a size distribution of interstellar PAHs. It
was found that the various emission bands in the mid-IR (2.5-
15 pum), as well as the far-IR continuum emission, are domi-
nated by PAHs of distinctly different sizes, from <80 C atoms
for the 3.3 um feature, to 10>~10° C atoms for the PAHs emit-
ting in the 25 um IRAS band. The observed relative intensities
of the various mid-IR bands and the far-IR continuum are
therefore sensitive indicators of the size distribution of inter-
stellar PAHs.

A number of properties of interstellar PAHs have been
derived. The observed intensities of the 8.6 um C—H in-plane
bending and of the 12.7 um feature of the C—H out-of-plane
bending mode of two or of three adjacent H atoms indicate
that interstellar PAHs are more than 50% hydrogenated and
are indeed quite consistent with 100% hydrogenation. This
confirms the results of earlier calculations which showed that
for all but the smallest species (nc < 24), the C—H bonds of
interstellar PAHs should not be susceptible to photo-
dissociation. We therefore interpret the observed enhancement
of the 6.2 and 7.7 um C—C stretching modes and the 8.6 um
C—H in-plane bending mode relative to laboratory PAHs to
an increase of the intrinsic strengths of these modes by factors
of 2—6 rather than to dehydrogenation. Such an enhancement
could perhaps be related to interstellar PAHs being singly
ionized. DeFrees et al. (1993) calculated the effects of ionization
on the IR properties for a number of small PAHs and found
large enhancements of the intensities of the C—C stretching
features. Laboratory measurements on ionized PAHs now
underway at Ames (Hudgins, Sandford, & Allamandola 1993)
and the University of Florida (by Vala, Szczepanski, and
coworkers) support this prediction. Alternatively, by virtue of
their size, the larger PAHs which contribute to these longer
mid-IR bands will be intrinsically more stable against photo-
destruction than the smaller members of the PAH family, and
thus less symmetric species should be present. As symmetry is
lowered, more C—C modes become IR active. Thus it is plaus-
ible that some of the C—C mode enhancement is due to contri-
butions from larger, less symmetric PAHs.

In our model all particles consist of a single, flat aromatic
structure. Part of the larger particle family with perhaps nc >
100 could possibly be amorphous carbon-like (i.e., clustered
aromatic structures connected by aliphatic chains). The main
effect of including such a population of particles while other-
wise keeping the size distribution constant—i.e., the same
number of particles containing a certain number of C atoms
stays the same—would be a rise in the relative number of
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aromatic H to aromatic C atoms. For example, if the particles
above 100 C atoms consist of clusters of smaller PAHs, this
could raise the relative amount of H atoms in these particles by
a factor of 2-4. To compensate for the resulting increase in the
3.3,8.6,11.3,12.7, and 13.3 um features, the enhancement of the
intrinsic strengths of the 6.2 and 7.7 um features relative to
laboratory measurements would then have to be larger by
factors of 2 and 6, respectively.

The suggestion that the subfeature at 3.4 um is due to the
v = 2-1 hot band of the aromatic C—H stretching mode was
also tested. The largest observed intensity of the feature rela-
tive to the 3.3 ym band (as well as the apparent lack of spatial
variation of the 3.3/11.3 um ratio accompanying the spatial
variation of the 3.4/3.3 um ratio) in the Orion Bar region seems
only marginally consistent with the predictions of the hot band
model. Possibly a weak shoulder at 3.415 um observed toward
a number of sources rather than the main 3.4 um feature itself
should be assigned to the hot band of the aromatic C—H
stretching mode. An alternative assignment of the 3.4 yum band
may involve “superhydrogenated ” PAHs (SPAHs), i.e., PAHs
for which some of the peripheral carbon atoms of the edge
rings are bonded to two H atoms. The positions of the sym-
metric and asymmetric C—H stretching bands of such groups
falls quite close to the frequencies of the interstellar features.
Such an identification would imply that 1%-2% of the periph-
eral bonding sites of the PAHs toward the Orion Bar are
connected to two H atoms.

The standard model reproduces, reasonably well, the
observed ratio of the IRAS 12 uym and 25 um photometric
fluxes in the diffuse medium using an MRN-type power-law
size distribution and the far-IR properties measured in the
laboratory for an ensemble of small PAHs. The success of this
standard model in simultaneously fitting the observed mid-IR
spectrum and the relative far- to mid-IR emission level strong-
ly supports our assumption of the presence of a continuous size
distribution of PAHs or PAH clusters containing between 10
and 10° C atoms.

Future high-sensitivity, single-aperture observations of the
entire emission spectrum from 3 um to far-IR wavelengths as
will likely be obtained by the Infrared Space Observatory (ISO)
and Space Infrared Telescope Facility (SIRTF), together with
theoretical modeling of the type presented in this paper could
answer a number of important questions. First, the nature of
the 3.405 um subfeature and its 3.415 um shoulder could be
further clarified by studying the intensity variations of these
bands and their correlation with the relative intensities of the
other IR emission features. The discovery of the hot band of
the aromatic C—H stretching mode would place a very impor-
tant constraint on the sizes of the smallest molecules in the
PAH size distribution (§ 5.5). Furthermore, the possibility that
the 3.4 um feature originates in interstellar SPAHs could be
tested by searching for the —CH,— deformation mode at 6.8
um. Second, source-to-source variations of the relative inten-
sities of the mid-IR features and far-IR continuum could reveal
variations in the size distribution of interstellar PAHs. Third,
detection of resolved emission bands in the far-IR (1 > 15 um)
may lead to a determination of the abundances of individual
PAHs, since the positions of the vibrational modes in this
region are highly characteristic of specific molecules (§ 3.2.4.2).
Fourth, moderate-resolution observations beyond 13 um will
determine the existence of additional C—H out-of-plane
bending features besides the 11.3 and 12.7 um bands. The rela-
tive intensities of the various out-of-plane features will give
important information of the molecular structure of interstellar
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PAHs as well as on their degree of hydrogenation (§§ 3.2.1,
3.2.2, and 5.4). Finally, studying the properties of “young”
PAH:s in planetary nebulae and those of “ old ” PAHs in reflec-
tion nebulae and cirrus clouds could lead to a better under-
standing of the evolution of PAHs in the interstellar medium.
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